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Abstract 12 
This paper introduces a novel tool for industrial customers to perform a cost-benefit analysis 13 
regarding the implementation of Demand Response (DR) strategies in their facilities with the 14 
final goal of softening the impact of RES intermittency in the grid. The dynamic simulation tool 15 
focuses on assessing the participation of industries in reserve energy markets in the same 16 
conditions as generators offering capacity reserve, energy reserve or both of them and taking 17 
into account all the technical restrictions of production processes as well as possible extra costs 18 
due to the implementation of DR (additional labour cost, productivity losses, etc.) Main 19 
innovations of the methodology are the DR assessment carried out per process and the 20 
introduction of the “margin of decision” as a decision making strategy for the energy consumer. 21 
Along the paper, the methodology behind this tool is introduced step by step in order to show 22 
how the technical, economic and environmental analyses are performed. At the end, it is 23 
included the application of the methodology to a real paper factory in Germany. Results of the 24 
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dynamic simulation tool are provided and discussed, showing the potential of the paper 25 
manufacturing in DR programmes as well as the benefits associated to it. 26 
Nomenclature 27 
BNE, expected benefit for the customer (€) 28 
BR, real benefit (€) 29 
C0, initial investment (€) 30 
CEk, CO2 emission balance in the period k (tonCO2/kWh) 31 
CF, annual cash flow (€) 32 
CVAR, variable cost (€) 33 
E1, energy reduced during a DR event (kWh) 34 
E2, additional energy consumed before a DR event (kWh) 35 
E3: additional energy consumed after a DR event (kWh) 36 
EBTotal, total energy balance involved in a DR process and month (kWh) 37 
fk, CO2 emission factor in the period k (tonCO2/MWh) 38 
MD, margin of decision (€) 39 
pk, price of the electricity in the time period k (€/kWh) 40 
PM, revenues from the DR program operator (€) 41 
ΔPR1, average power reduced or interrupted during a DR event (kW) 42 
ΔPR2, average power increased before a DR event (kW) 43 
ΔPR3, average power increased after a DR event (kW) 44 
PRES, residual power during a DR event (kW) 45 
Sij, availability of the process i in the quarter-hour j 46 
SMA, economic savings in a DR action due to extending the useful lifetime of machines (€) 47 
SS, economic balance in the implementation of a DR action (€) 48 
r, discount rate (%) 49 
Tav, availability time (h) 50 
TD, duration of a DR event (h) 51 
TIA, notification time in advance (h) 52 
TMIN, minimum time between two DR events (h) 53 
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TPR, duration of the preparation period (h) 54 
TRC, recovery period (h) 55 
1 Introduction 56 
Horizon 2020 context is promoting the reduction of CO2 emissions, which is related to the 57 
increasing integration of Renewable Energy Sources (RES) in the electricity generation mix as it 58 
appears in the European Directive (2009/28/EC). However, higher penetration of fluctuating 59 
energy sources, such as solar and wind, makes difficult the task of maintaining a predictable 60 
and reliable system operation at all voltage levels [1]. Therefore, the implementation of 61 
mechanism allowing a specific regional transmission system operator (TSO) to interact directly 62 
with demand response resources could be beneficial from different points of view: a) 63 
environmental, reducing the required capacity reserve of thermal power generation and 64 
avoiding curtailments of RES in periods of excess generation; b) for customers, enhancing their 65 
opportunities by means of providing ancillary services to the grid; and c) for TSOs, increasing 66 
the number and quality of fast resources for balancing the grid which allows cheaper and more 67 
reliable operation [2]. 68 
According to this, demand response (DR) can be a significant resource to integrate RES where 69 
customers will shape their normal consumption patterns in response to the variations in the 70 
electricity price over time or to incentive revenues designed to induce lower electricity usage at 71 
times with high wholesale market prices or when system reliability is jeopardized [3]. 72 
Traditionally, industrial customers have had a passive role in European power systems, where 73 
only large consumers (i.e. melting furnaces or electrolytic cells) have provided (if any) some 74 
kind of interruptibility services to the grid. However, it is a fact demonstrated in different 75 
research and applications [4-6] that many medium industrial customers may be also able to 76 
offer DR services to the TSO if they were allowed, directly or through an aggregator. For this 77 
reason, it is important to provide them with new tools and mechanisms so as to enable them for 78 
estimating the DR potential that could remain hidden in their production processes [7, 8]. 79 
Currently, some tools for the estimation of the DR potential of customers in the primary and 80 
tertiary sectors (agricultural sector and commercial buildings) are available in different sources 81 
[9-12]. However, such tools are just focused on buildings [13] (like the Demand Response Quick 82 
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Assessment Tool –DRQAT- described in [14]), existing a significant gap regarding industrial 83 
applications. Existing models are focused on very specific processes (for example, air 84 
conditioning or lighting), which have been traditionally used for DR applications. However, more 85 
specific processes of industrial consumers have not traditionally been involved in DR issues due 86 
to misgivings about potential risks in the degradation of the production processes. This is 87 
especially true when DR actions are applied to sensitive processes directly related to the quality 88 
of the final product, which tend to make customers wary of changing any element or parameter 89 
of those processes. The tool here presented permits the modelling of industrial and non-90 
industrial processes so as to evaluate the impact of specific DR actions and providing a detailed 91 
economic, technical and environmental evaluation every 15 minutes. In addition, the tool 92 
provides a holistic approach, linking the impact of DR actions on a process with each other, so 93 
that the application of any specific action is constrained to what happened with the rest of 94 
processes. Moreover, the tool provides a detailed analysis about when and how the different 95 
types of DR actions may be implemented in order to maximize the economic benefit for both the 96 
consumer and the power system.  97 
On the other hand, existing tools deal with economic models using Time-of-use or similar fix 98 
price schemas [15] but neither research studies nor tools have been found so as to evaluate the 99 
economic benefit of the participation of industrial customers in reserve energy markets (offering 100 
capacity reserve, energy reserve or both of them). Conversely, this tool provides the simulation 101 
of customers participation in ancillary services based on a dynamic prices scheme with the 102 
possibility to consider a set of different prices for different services (capacity reserves, balancing 103 
services, interruptibility, etc.) every 15 minutes. 104 
In this paper, a dynamic simulation tool based on previous works of the authors (described in 105 
[16]) is presented so as to fill this gap. This tool does not consider industrial customers as a 106 
black box, but they are evaluated as a sum of parts (manufacturing processes) which can be 107 
modified individually while the effect in the total electricity pattern of consumption for the whole 108 
facility is analysed. In this regard, the results of the economic evaluation are obtained for each 109 
DR process enabling customers to select the most cost-effective options. Moreover, the 110 
simulation tool includes an environmental evaluation that calculates the reduction of CO2 111 
emitted by the replaced thermal power generators to the atmosphere. 112 
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The tool was developed in the framework of the project “Demand Response in Industrial 113 
Production (DRIP)” [17], co-funded by the Environment LIFE Program of the European 114 
Commission
3
, and it was empirically validated in the four factories involved in that project, which 115 
belong to some of the most suitable segments for DR implementation [18]: a paper factory in 116 
Germany, two meat factories in the Netherlands and Spain (respectively) and a logistics 117 
warehouse for food products in Spain.  118 
The paper is organized as follows: Section 2 describes the calculation methodology of the new 119 
simulation tool. In Section 3 the methodology is applied to a paper factory. Finally, some 120 
conclusions are drawn in Section 4. 121 
2 Calculation methodology 122 
2.1 General description 123 
In order to assess the potential benefit of the participation of an industrial customer in a 124 
particular reserve energy market, a set of information is required: 125 
 On one hand, information related to the customer, such as the load curves of the 126 
processes, the definition of DR actions of the processes according to standardized 127 
parameters (see section 2.2) and electricity contract. 128 
 On the other hand, the reserve energy market prices where the participation of the 129 
consumer would be simulated and CO2 emission factors, which depend on the country 130 
where the consumer is located.  131 
Based on this information, the simulation tool performs the technical, economic and 132 
environmental evaluation of the DR potential in the customer facility considering all the complex 133 
relationships among all the variables in a mathematical model that takes into account the 134 
chronological order of events. Figure 1 shows an overview of the required information (inputs) 135 
and the main results of the simulation tool (outputs). 136 
2.2 Required information (Inputs) 137 
Most of the medium industrial customers are not aware of their energy consumption profile and 138 
the possible flexibilities in their production processes due to the fact that they usually do not 139 
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have experts specialized in energy and flexibility trading [19]. In order to address that, a 140 
flexibility audit has to be performed to characterize the electrical consumption of the different 141 
processes and to identify the DR actions that could be implemented in the industrial customer 142 
facilities. 143 
 Identification of typical days and building of typical day profiles 2.2.1144 
Typical days represent repeatable daily patterns of consumption for the customer during the 145 
year. Using the quarter-hourly load curves collected during the flexibility audit, the typical daily 146 
consumption profiles are calculated with the help of the simulation tool. Figure 2 presents an 147 
example of the average daily load curve on working days in the Spanish meat factory involved 148 
in the abovementioned DRIP project. 149 
In order to obtain the cited daily load curves it is necessary to carry out the process described 150 
below.  151 
 The first step is to identify and remove the days that enclose anomalous data (lack of 152 
data, blackouts, maintenance periods, etc.).  153 
 Then, the daily profiles are compared and clustered by groups (type of day) according 154 
to similar energy consumption patterns trying to reduce the standard deviation of each 155 
group as much as possible. When the standard deviation value of all the groups 156 
becomes acceptable, the average electrical load curve of all the selected days is 157 
considered representative of each group (typical day).  158 
As aforementioned, the simulation tool allows customers an easy performance of the previous 159 
analysis and building of the typical load curves by means of a friendly user interface. Figure 3 160 
shows an example of the typical profile of a working day in July (peak season) in the same 161 
Spanish meat factory. When seasonality (or other factors) affects the shape of the load curve of 162 
any process, it results on a new typical day. 163 
 Definition and standardization of DR actions 2.2.2164 
Once all the typical days are defined, the DR actions are specified for each process. Each DR 165 
action is characterized according to the technical parameters proposed in [20]. In this regard, 166 
the relevant technical parameters considered in this analysis are represented in Figure 4. The 167 
figure illustrates a theoretical flat load curve for a process when a flexibility action involving the 168 
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reduction of an amount of energy E1 during the time TD is applied. For a period of time TPR, an 169 
amount of energy E2 is consumed in order to make adaptations to prepare for an interruption. 170 
Similarly, at the end of the interruption, the reduced supply is switched back on, and an extra 171 
consumption E3 is produced to re-establish the original settings. Once the period TRC has 172 
happened, the load curve returns to the initial level of demand. The time TIA represents the 173 
notification in advance that is necessary for the customer before the implementation of the 174 
action. 175 
The technical parameters involved in each DR action need to be specified for each type of day 176 
and month in order to take into account the possible variations due to changes in the boundary 177 
conditions (external temperature, scheme of productions, etc.) 178 
 Economic and environmental inputs 2.2.3179 
Regarding the information needed to the economical evaluation, the characteristics of the 180 
electricity supply contract of the studied industrial customer (electricity prices) are required, as 181 
well as the historical prices of the reserve energy market in which the industrial customer could 182 
participate and their future trends for a more sophisticated estimation. 183 
Lastly, regarding the environmental evaluation, the hourly CO2 factors associated to the 184 
electricity generation mix are necessary, as explained below. 185 
2.3 Calculation process 186 
 Identification of the availability: when flexibility is activated or not 2.3.1187 
Firstly, the availability of the interruptible power for each DR process is evaluated at each 188 
quarter-hour (j), which is the time step (so-called “Programme Time Unit”) in most of the 189 
European reserve energy markets [21], taking into account its technical parameters. The state 190 
of the analysed DR process i at the quarter-hour j (Sij) is calculated based on the state of the 191 
previous quarter-hour (j-1) in order to determine if the DR process i is available to be interrupted 192 
during the quarter-hour j or not. In this regard, the reasons why a DR process i at the quarter-193 
hour j (PRij) could not be available to be interrupted (Sij = 1) are described below: 194 
 The DR process i is in the middle of a DR event, and therefore it is already 195 
interrupted. 196 
 It is in the preparation period or recovery period of other DR event.  197 
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 It is between two DR events, and although the first DR event is finished, the DR 198 
process needs an additional time (minimum time between interruptions) in order to 199 
implement the second one without causing any impact in the production process. 200 
If the DR process i is available to be interrupted for example at the quarter-hour j (Sij = 0), an 201 
economical evaluation will be performed to determine the margin of decision (MD) that is the 202 
difference between the real benefit (BR), which is the net amount of money that receives the 203 
industrial customer due to the participation in the reserve energy market, and the expected 204 
benefit for the customer (BNE): 205 
 MD = BR - BNE (1) 206 
This parameter, proposed in [16], is used to verify the potential participation of a customer in a 207 
DR program at a specific time: 208 
 If MD ≤ 0, the customer will not participate in the DR program because economic 209 
benefits are not obtained. 210 
 If MD > 0, the customer will provide the DR Service, modifying the power load 211 
according to the DR event requirements and obtaining economic benefits. 212 
In order to calculate the real benefit (BR) at the quarter-hour j, it is necessary to assess a set of 213 
parameters in advance such as the economic balance (Ss), the benefit of the extension of 214 
machinery useful life (SMA), the variable costs (CVAR) and also considering the payment offered 215 
by the TSO in the reserve energy market: 216 
 BR = SS + SMA + PM - CVAR (2) 217 
 218 
 Technical evaluation 2.3.2219 
The energy balance (EBTotal) involved in the DR process i in the month l is calculated as the 220 
difference between the energy reduces during the DR events (E1) and the additional energy 221 
consumed before and after these DR events (E2 and E3 respectively): 222 
   𝐸𝐵𝑇𝑜𝑡𝑎𝑙 =   𝐸1  − (𝐸2  + 𝐸3) = ∑ 𝐸1
ℎ𝑝
ℎ=1 − [∑ 𝐸2
ℎ𝑝
ℎ=1 + ∑ 𝐸3
𝑘ℎ
ℎ=1 ]  (3) 223 
where h is the number of the DR event and p is the total number of DR events in the month i. 224 
 225 
 226 
 227 
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 Economic evaluation 2.3.3228 
The economic balance (Ss) during a DR event is the difference between the economic savings 229 
due to the energy not consumed and the extra costs generated by the additional energy 230 
consumed before and after the interruption (preparation and recovery periods): 231 
   𝑆𝑆 = ∑ 𝐸1
𝑘 · pk
𝑛
𝑘=1 − [∑ 𝐸2
𝑘 · pk
𝑛
𝑘=1 + ∑ 𝐸3
𝑘 · pk
𝑛
𝑘=1 ]  (4) 232 
where pk is the electricity price in the time period k (i.e. prices of electricity for on-peak, shoulder 233 
and valley periods.) 234 
The tool calculates Ss during the whole month l for each DR process as the difference between 235 
the economic savings due to the energy not consumed and the extra costs generated by the 236 
additional energy consumed before and after the implemented interruptions (preparation and 237 
recovery periods), and it is assessed using (2) as explained above. 238 
When the production machinery stops during the implementation of a DR event, its useful 239 
lifetime will be generally increased, which is considered as an economic saving. Occasionally, 240 
the benefit of the extension of machinery useful life (SMA) may also have an opposite effect. In 241 
this regards, if the start/stop cycles of the production machinery due to the interruptions have a 242 
high frequency, their life time could be lessened. In this case, SMA will be zero and the possible 243 
extra cost will be included as a variable cost in the simulation tool. 244 
As stated above, BR also includes the variable costs (CVAR) associated with the implementation 245 
of DR actions such as the labour cost that is the extra cost paid to the employees for overtime 246 
work and the possible cost due to the loss of productivity (if it exists). 247 
Taking into account the previous considerations, it can be concluded that the revenue offered 248 
by the TSO (marginal price) has to be higher than the minimum price required by the customer. 249 
In this case, the matching will be achieved and the DR process i will be interrupted during the 250 
quarter-hour j (Sij = 2), reducing the available interruptible power (Pij). Otherwise, the customer 251 
will not tender the flexible power. The following equation summarizes the above statements: 252 
 PM ≥ CVAR + BNE - SS - SMA (5) 253 
This equation is represented in Figure 5. 254 
Using (4), the simulation tool calculates the quarter-hourly offers of all the DR processes during 255 
the simulated month “m”. Figure 6 represents an example of a quarter-hourly offer on a working 256 
day in the cited Spanish meat factory, which includes four different processes sorted by price. In 257 
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this example, if the TSO offers 43 €/MWh at the quarter-hour j and all the DR processes are 258 
available to be interrupted, the customer could interrupt the maturing and drying processes in a 259 
cost-effective way resulting in a total interrupted power of 354 kW. 260 
Following with the description of the calculation process, the simulation tool saves the 261 
information related to the state and interrupted power for each DR process i at the quarter-hour 262 
j. Then, the described part of the algorithm is repeated from the next quarter-hour (j+1) to the 263 
last one (m) in the month l. After that, the simulation tool applies this procedure to the rest of DR 264 
processes from i+1 to n, that is the total number of DR processes identified in the industrial 265 
customer facilities. 266 
Figure 7 shows an example of the results of the calculation procedure applied to the “Winder” 267 
process in the paper factory on a working day (5
th
 of December 2013). The upper graph shows 268 
the final load curve and the margin of decision comparing the minimum payment required by the 269 
customer with the payment offered by the TSO while the lower graph provides the associated 270 
economic evaluation in detail. 271 
Using the saved results of the simulations of all the DR processes in the month l, a monthly 272 
technical, economic and environmental evaluation is performed for each DR process. 273 
 Environmental evaluation 2.3.4274 
The environmental impact of all the DR events associated with all the DR processes in the 275 
month l is calculated as the CO2 emission balance (CETotal) between the avoided CO2 (CE1) and 276 
the extra CO2 emitted to the atmosphere due to the extra electrical consumption before and 277 
after all the DR events (CE2 and CE3): 278 
   𝐶𝐸𝑇𝑜𝑡𝑎𝑙 = 𝐶𝐸1 − (𝐶𝐸2 + 𝐶𝐸3) = ∑ 𝐸1
𝑘 · fk
𝑛
𝑘=1 − [∑ 𝐸2
𝑘 · fk
𝑛
𝑘=1 + ∑ 𝐸3
𝑘 · fk
𝑛
𝑘=1 ]  (6) 279 
where k is associated with the time period of each different CO2 emission factor (i.e. CO2 280 
emission factor of on-peak, shoulder and valley periods.) 281 
As explained above, the aforementioned CO2 emission factors should be calculated taking into 282 
account the CO2 emission factors of the replaced technologies used in the reserve energy 283 
market in each quarter-hour. It is important to point out that the emissions impact here 284 
calculated is only related to the use of electricity. It means that the amount of CO2 emitted or 285 
avoided into the atmosphere evaluated by the tool is just related to the carbon footprint linked to 286 
the technology producing the electricity used by the consumer. It means that the evaluation of 287 
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the CO2 impact related to the use of fuel for other purposes (thermal energy, transport, etc.) is 288 
out of the scope of this research. 289 
After that, the described calculation process is carried out for each month of the selected year 290 
from January to December in order to obtain the annual results for each DR process. Based on 291 
these results, the final economic profitability of each DR process is evaluated using the Net 292 
Present Value (NPV), the Internal Return Rate (IRR) and the Discounted Payback Period 293 
(DPP). To that end, the involved fixed costs (initial investment) are calculated as all the 294 
expenses incurred by the customer and needed before providing DR services such as the initial 295 
flexibility audit, the acquisition and installation of all the required equipment (monitoring and 296 
control systems and metering devices), etc. The expressions that are used to evaluate the 297 
economic profitability of each DR process (NPV, IRR and DPP) are presented below: 298 
 𝑁𝑃𝑉 =  ∑
𝐶𝐹
(1+𝑟)𝑡
𝑛
𝑡=0 − 𝐶0 (7) 299 
 𝑁𝑃𝑉 =  ∑
𝐶𝐹
(1+𝐼𝑅𝑅)𝑡
𝑛
𝑡=0 −  𝐶0 = 0 (8) 300 
 𝐷𝑃𝑃 =  
−ln(1−
𝐶𝑜×𝑟
𝐶𝐹
)
ln(1+𝑟)
 (9) 301 
where t is the number of the year and n is the total number of years associated with the 302 
investment. 303 
After selecting the cost-effective DR processes and discarding the rest, the total annual results 304 
of the technical, economic and environmental evaluations are obtained as the sum of the 305 
particular results of all the selected DR processes during the whole year. 306 
Figure 8 schematizes the presented calculation process in a flowchart: 307 
Lastly, the final economic profitability of providing DR services for an industrial customer is 308 
calculated with the expressions (7), (8) y (9) using the aforementioned total annual results of the 309 
economical evaluation. 310 
 311 
 312 
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3 Application of the simulation tool in a paper factory 313 
In this section, the results of the participation of the paper factory in the German reserve energy 314 
market using the simulation tool are presented. Currently, the tender block size required by 315 
TSOs [22] is too high for medium industrial customers in most cases, so an aggregator is 316 
required to use the DR services offered by them. Generally, the aggregator is a legal 317 
organisation that consolidates or aggregates a number of individual customers and/or small 318 
generators into a coherent group of business players [23]. This implies that changes in the 319 
regulation of some countries around the world could be necessary to encourage medium 320 
industrial customers to contribute to the improvement of grid management. 321 
Assuming the above mentioned requirements, the participation of industrial customers in the 322 
reserve energy markets was simulated considering possible restrictions due to the reaction time 323 
of the analysed DR actions. Moreover, it was considered that all the DR actions are 324 
implemented automatically or semi-automatically depending on the required reaction time. 325 
Consequently, the associated costs of control were included in the total flexibility expenses for 326 
all DR actions.  327 
The description of the results of the application of the simulation tool in a paper factory is 328 
structured as follows: Subsection 3.1 describes of the relevant production process in the studied 329 
paper factory and the final technical evaluation. In Subsection 3.2 the results of the economic 330 
evaluation of each DR process and as a whole are presented. Finally, the environmental effects 331 
of providing DR services are presented in Subsection 3.3. 332 
3.1 Description of the paper factory and technical evaluation 333 
The analysed manufacturing plant is devoted to the production of test liner paper with different 334 
grammages, winding the paper throughout reels. The production is continuous and stable at all 335 
times except during maintenance periods. It exists long and short maintenance stops, the first 336 
one occurs every 6 weeks while the other one happens every week for a 3 to 4 hours period. 337 
The manufacturing process of the paper factory begins on the reception of raw materials 338 
classified and directly supplied from the stock preparation. In this section the pulp is prepared 339 
to supply the paper machine and depending on the state of the tanks, the pulpers and the turbo-340 
13 
 
 
separators used to prepare the pulp could be switch off. This is the first DR action identified in 341 
the industrial process. 342 
Next, the pulp feeds the paper machine distributing the pulp and producing the layers which 343 
compose the paper sheet. Following, the vacuum pumps drains the water and the paper sheets 344 
go through different pressing rolls. Subsequently, in the dryer section, a high percentage of dry 345 
content is achieved by means of steam heated drying cylinders. 346 
Afterwards, the paper is treated with starch, colour and/or synthetic glues and it is wound in reel 347 
drums throughout the winding section. Once the drum leaves the paper machine, the paper is 348 
re-winded according to the characteristics required by the final customers. At this stage, the 349 
winder can be interrupted so that several drums can be stored at the end of the winding section 350 
to be re-winded and cut later (second DR action). 351 
The final product is driven to the storage for its shipment. At this point, there are two suction 352 
lifts to move the reels in the warehouse which work using vacuum. The use of these machines 353 
could be managed in order to avoid their use when a reduction is required (third DR action). 354 
Table I shows the main parameters of the three DR actions found in the performed flexibility 355 
audit. 356 
3.2 Economic evaluation 357 
In order to calculate the economic evaluation, it was assumed that the customer will receive the 358 
same payment (PM) as a generator that is participating in the German reserve energy market 359 
when a DR event is implemented. 360 
According to this, it was used the average imbalance pricing system (reBAP) that is based on 361 
TSO's payments or proceeds for the activated control energy (secondary and minute reserve) in 362 
the whole Germany. On the basis of these prices, it was simulated a whole year using the tool. 363 
As explained in section 2.3, the involved fixed costs (initial investment) were calculated as the 364 
sum of expenses incurred by the customer that are needed before providing DR services, such 365 
as the initial flexibility audit, the acquisition and installation of all the required equipment 366 
(monitoring and control systems and metering devices), etc. In this regard, the total initial 367 
investment for providing DR services was estimated around 130 k€, considering the mentioned 368 
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fixed costs and the installation of an additional pulp storage tank for ensuring the duration of 369 
interruptions. 370 
After that, the economic profitability of each DR process was evaluated in order to exclude from 371 
the final results the DR processes that are not cost-effective according to the proposed 372 
scenario. As discussed before, the economic profitability of each DR process is evaluated using 373 
the Net Present Value (NPV), the Internal Return Rate (IRR) and the Discounted Payback 374 
Period (DPP). 375 
Table II shows the NPV for the different DR processes and different discount rates considering 376 
a total of 3 years to recover the investment. Additionally, it is summarized the IRR and the DPP 377 
for each DR process. 378 
According to Table II, the “Stock preparation” process is the most profitable one with a DPP of 379 
around two years and two months, the highest values of IRR and NPV in this group of three DR 380 
processes. “Winder” process has a DPP of three years and the IRR is 12.1 %, consequently it 381 
was also considered as a cost-effective process in the final economic evaluation of the factory. 382 
On the other hand, the “storage” process can be considered as a non-profitable (DPP>5 years). 383 
After discarding the non-profitable DR processes, the final economic evaluation was carried out 384 
where the annual net benefit (€/year) that was calculated as the sum of the difference between 385 
the monthly incomes and variable costs of the considered DR processes throughout a year was 386 
around 70 k€ per year. In this regards, Figure 9 shows that the maximum unitary benefit for the 387 
customer was in December (68 €/MWh). 388 
Using the annual net benefit and the initial investment, the final economical evaluation of the 389 
participation of the studied paper factory in the German reserve energy market is presented in 390 
Figure 10 where the NPV that was calculated using different discount rates. The intersection 391 
between the NPV curve and the abscissa axis is the discount rate value of the IRR, equals to 392 
30.3% as shown in Figure 10. 393 
In this regard, the DPP of the considered investment was around two years and two months. 394 
According to the results of the previous economic evaluation, the participation of the studied 395 
paper factory in the German reserve energy market was considered as a cost-effective measure 396 
to be implemented in the customer facilities. 397 
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3.3 Environmental evaluation 398 
In order to assess the amount of CO2 emitted into the atmosphere when a DR action is 399 
performed, the hourly CO2 emission factor curve (tonCO2/MWh) was calculated using 400 
PLEXOS® [24] in the studied year and considering the conventional generation used in the 401 
German reserve energy markets. After analysing this information, it was observed that there is 402 
not a direct relationship between CO2 emissions and market prices since it strongly depends on 403 
the constitution of the generation mix for each particular country. Consequently, the possible 404 
environmental effects of the implementation of DR actions could be even negative. During the 405 
simulation, the result of the DR events triggered by the market price had a tiny positive 406 
environmental effect avoiding 397 ton CO2 emissions per year. 407 
The European emission market, regulated under the Directive 2003/87/CE, is related at present 408 
to the CO2 emitted when consumers use fuels for their main activity. Therefore, a paper factory 409 
can trade emission rights related to the emissions linked, for example, to the combustion of a 410 
fuel to produce steam. On the contrary, the CO2 related to the use of electricity in different 411 
periods of time is not considered in the current emission market rules. Therefore, there are not 412 
incentives for consumers so as to use of electricity in periods when the technologies producing 413 
power are less contaminant (e.g. when the share of renewables is higher) and vice versa. 414 
Although currently there is not an economic incentive scheme for the reduction of the CO2 415 
emissions using DR resources in Europe, it is presumable that this fact will change in the 416 
coming years. Then such time comes, this simulation tool will allow industrial customers to 417 
estimate the environmental benefits of providing DR services, based on the aforementioned 418 
results. 419 
4 Conclusions 420 
Considering the increment in electricity cost as well as RES integration in the grid, the need for 421 
simulation tools capable to provide a “decision-support” approach for quick decision making is 422 
valuable not just for customers but also for the agents who must guarantee the optimal power 423 
system management. 424 
As highlighted above, there are different tools for assessing DR potential; however, none of 425 
them provides the economic profitability for industrial customers participating in a specific 426 
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operation market, where consumers may provide different services such as capacity or energy 427 
reserve. The novel simulation tool that is here presented performs this kind of evaluation, as 428 
well as the evaluation of the potential impact based on processes that DR actions may have in 429 
the usual pattern of consumption of industrial customers. In addition, the potential 430 
environmental impact related to the use of DR is also quantified taking into account the carbon 431 
footprint of the replaced generators. 432 
The tool provides an innovative approach to the customer flexibility evaluation throughout a 433 
detailed analysis of customers’ DR potential. This “processes approach” analyses the impact of 434 
the proposed DR actions at each individual energy consuming process in the manufacturing 435 
course. Instead of simply assessing the impact of a given DR action in the total energy demand 436 
of the customer, the effect of different DR actions is studied in every superposed process, thus 437 
contributing to fill the gap in consumer knowledge on load management. 438 
Finally, the tool has been empirically validated in four real industrial sites from different parts of 439 
Europe (Germany, The Netherlands and Spain). As an example of the validation process, it was 440 
presented the simulation of the participation of a paper factory in the German reserve energy 441 
market. According to the results, it was demonstrated that industrial customers can provide DR 442 
services to the power system in a cost-effective way, with significant benefits not just for the 443 
customer but for the whole power system. 444 
Acknowledgments 445 
This work was completed in the framework of the DRIP project (11ENV/DE/340) co-funded by 446 
the European Commission through the LIFE Environment Programme. The authors deeply 447 
thank all the participants in the project for their help and support that made possible this work. 448 
References 449 
[1] Bañosa R, Manzano-Agugliaro F, Montoya FG, Gila C, Alcayde A, Gómez J. Optimization 450 
methods applied to renewable and sustainable energy: A review”. Renewable and 451 
Sustainable Energy Reviews 2011; 15: 1753–1766. 452 
[2] Cecati C, Citro C, Siano P. Combined Operations of Renewable Energy Systems and 453 
Responsive Demand in a Smart Grid. IEEE Transactions on Sustainable Energy 2011; 2: 454 
468-476. 455 
17 
 
 
[3] Federal Energy Regulatory Commission. Reports on Demand Response & Advanced 456 
Metering, Federal Energy Regulatory Commission 2014. Retrieved on April 10, 2015. 457 
Available online at: http://www.ferc.gov/industries/electric/indus-act/demand-response/ 458 
dem-res-adv-metering.asp 459 
[4] Valencia-Salazar I, Álvarez-Bel C, Escrivá-Escrivá G, Alcázar-Ortega M. “Simulation of 460 
demand side participation in Spanish short term electricity markets”. Energy conversion 461 
and management 2011; 52: 2705-2711 462 
[5] Greening LA. Demand response resources: Who is responsible for implementation in a 463 
deregulated market?. Energy 2010; 35: 1518-1525. 464 
[6] Shen B, Ghatikar G, Lei Z, Li J, Wikler G, Martin P. The role of regulatory reforms, market 465 
changes, and technology development to make demand response a viable resource in 466 
meeting energy challenges. Applied Energy 2014; 130: 814-823. 467 
[7] Álvarez-Bel C, Alcázar-Ortega M, Escrivá-Escrivá G, Gabaldón-Marín A. “Technical and 468 
economic tools to assess customer demand response in commercial sector”. Energy 469 
conversion and management 2009; 50: 2605-2612. 470 
[8] Dashti R, Afsharnia S. Demand response regulation modeling based on distribution system 471 
asset efficiency.  Electric Power Systems Research 2011; 81:667-676 472 
[9] Demand Limiting Assessment Tool (DLAT) Version 1.07, 8/2010. Ray W. Herrick 473 
Laboratories, Purdue University. Retrieved on April 23, 2015. Available online at: 474 
https://engineering.purdue.edu/DLAT/  475 
[10] Demand response assessment tool. UT Power Engineering Laboratory, University of 476 
Tennessee. Retrieved on April 23, 2015. Available online at: http://power.eecs.utk.edu/ 477 
research_demandresponsepotential.html 478 
[11] The Agricultural Irrigation Demand Response Estimation Tool. Demand Response 479 
Research Center, Laurence Berkeley National Laboratory. Retrieved on April 24, 2015. 480 
Available online at: http://drrc.lbl.gov/tools/agricultural-irrigation-dr-estimation-tool  481 
[12] Goy S, Finn D. Estimating demand response potential in building clusters. Building and 482 
Environment 2016; 96: 270-282 483 
[13] Neves D, Pina A, Silva CA. Demand response modeling: A comparison between tools. 484 
Applied Energy 2015; 146: 288-297 485 
18 
 
 
[14] Demand Response Quick Assessment Tool (DRQAT) for buildings. Demand Response 486 
Research Center, Laurence Berkeley National Laboratory. Retrieved on April 24, 2015. 487 
Available online at: http://drrc.lbl.gov/tools/demand-response-quick-assessment-tool-drqat  488 
[15] Mohajeryami S, Moghaddam IN, Doostan M, Vatani B, Schwarz P. A novel economic 489 
model for price-based demand response. Electric Power Systems Research 2016; 135: 1-9 490 
[16] Alcázar-Ortega M, Álvarez-Bel C, Escrivá-Escrivá G, Domijan A. Evaluation and 491 
assessment of demand response potential applied to the meat industry. Applied Energy 492 
2012; 92: 84-91. 493 
[17]  Demand Response in Industrial Production DRIP. EU LIFE project. Retrieved on May 10, 494 
2015. Available online at http://www.drip-project.eu/ 495 
[18]  Alfonso D, Pérez-Navarro A, Encinas N, Álvarez-Bel C, Rodríguez-García J, Alcázar-496 
Ortega M. Methodology for ranking of customer segments by their suitability for distributed 497 
energy resources applications. Energy Conversion and Management 2007; 48: 1615-1623. 498 
[19] Alcázar-Ortega M. Evaluation and assessment of new demand response products based 499 
on the use of flexibility in industrial processes: application to the food industry [Ph.D. 500 
Dissertation]. Tampa, Florida: Dual Programme between the Polytechnic University of 501 
Valencia and the University of South Florida; 2011. 502 
[20] Alcázar-Ortega M., Calpe C, Theisen T. Rodríguez-García J. Certification prerequisites for 503 
activities related to the trading of demand response resources. Energy 2015; 93: 705-715. 504 
[21] Tennet. Imbalance management Tennet analysis report. April 2011. Retrieved on 505 
December 02 2014. Available online at: http://www.tennet.eu/nl/nl/over-tennet/nieuws-pers-506 
publicaties/publicaties/technische-publicaties/imbalance-management-analysis-tennet.html 507 
[22]  Description of load-frequency control concept and market for control reserves. Consentec 508 
GmbH. February 2014. Retrieved on December 16 2014. Available online at 509 
https://www.regelleistung.net/ip/action/static/marketdesc 510 
[23]  Smart Inverter Working Group. Recommendations for Utility Communications with 511 
Distributed Energy Resources (DER) Systems with Smart Inverters. California Energy 512 
Commission, California Public Utilities Commission. October 2014. Retrieved on April 17, 513 
2015. Available online at: http://www.cpuc.ca.gov/NR/rdonlyres/899E4077-36AE-4946-514 
19 
 
 
8515E68EA95C0B32/0/SIWGPhase2CommunicationsRecommendationsv2_Updated1022515 
2014.pdf  516 
[24] PLEXOS. Products and Services. Energy exemplar. Retrieved on December 4, 2014. 517 
Available online at: http://energyexemplar.com/our-company/brochures-and-flyers/ 518 
